ment are more reliable than those from the TFEWR (and HREM), because the diffraction information extends about twice as far (0.14 nm for TFEWR versus 0.07 nm for electron diffraction) and because the diffraction information is not changed by the electron microscope aberrations. Therefore, we did not try to get the best fit between the experimental and the calculated exit waves.
ment are more reliable than those from the TFEWR (and HREM), because the diffraction information extends about twice as far (0.14 nm for TFEWR versus 0.07 nm for electron diffraction) and because the diffraction information is not changed by the electron microscope aberrations. Therefore, we did not try to get the best fit between the experimental and the calculated exit waves.
The R values obtained are very low compared with the R values of electron diffraction refinements reported in the literature (26) . The lower R values result mainly from the inclusion of dynamic diffraction in our refinements, indicating the necessity for taking the dynamic diffraction into account. The structure of Mg 5 Si 6 is very likely to be correct given the low R values obtained, the fit of the experimental and calculated exit waves, and the plausible interatomic distances and coordinations obtained for all atoms. determined by x-ray single-crystal diffraction or neutron powder diffraction. The MSLS refinement resulted in very similar (a difference in atom positions less than 0.01 nm and on average less than 0.003 nm) atom positions. Putting one or more atoms at the wrong position gives much higher R values. 9. The material investigated was Al with 0.2 weight % Fe, 0.5 weight % Mg, 0.53 weight % Si, and 0.01 weight % Mn, extruded as described in (5) and aged at 185°C for 5 hours. 10. The information limit is not circular but elliptical (0.135 nm by 0.150 nm), because of the anisotropic response of the microscope to external vibrations. 11. Other reasons to cool the specimen are the reduction of the electron beam induced contamination and amorphization. Unfortunately, commercial sample cooling holders do not allow real HREM imaging; thus it is difficult to do electron diffraction and HREM on the same precipitates. 12. I obs and I calc are the intensities of the reflections. The significant reflections are I obs Ͼ 2(I obs ), where (I obs ) is the standard deviation of the reflection. 13 . EDX element analysis was done with a Link EDX element analysis system, and the mineral forterite was used to calibrate the Cliff-Lorimer factor for these two elements. 14. K. Matsuda, S. Tada, S. Ikeno, T. Sato, A. Kamio (1996) . 17. The frequency-dependent delocalization or information shift, S, of the shape has been described in (27 ) and is S ϭ g ϩ C s 3 g 3 , where is the defocus, is the wavelength, C s is the spherical aberration, and g is a reciprocal lattice vector. For instance, for a 300-keV microscope with a point-to-point resolution of 0.2 nm (C s ϭ 1.2 mm) at Scherzer focus (optimal focus) (Ϫ60 nm), S of the 0.1-nm frequency (g ϭ 10 nm Ϫ1 ) is 8.4 nm, and S is 0.6 nm and Ϫ0.04 nm for the 0.2-nm frequency (g ϭ 5 nm Ϫ1 ) and 0.3 nm (g ϭ 3.33 nm Ϫ1 ) frequency, respectively. 18. For the TFEWR, series of 20 HREM images were recorded with focus increments of 5.2 nm. The starting focus was about Ϫ70 nm. The images were recorded with a 1024 by 1024 pixel slow scan charge-coupled device camera. 19. Further analysis of this exit wave, such as the atomic structure at the interface between ␤" and the Al matrix and the structure and the origin of the defect in the ␤" precipitate, is given elsewhere (15). 20. Because of the overlap with the Al reflections, the 10% discarded reflections are rather random for the structure of the precipitate, which implies that the accuracy of the structure determination is not substantially hampered by this omission. 21. The space group could have been determined by convergent beam electron diffraction, but given the small size of the precipitates, this method was not used. 22. To approximate a kinematic refinement with the MSLS program, a very small thickness (for example, 1 nm) or a very low occupancy should be used. The latter approach was used because in this way the excitation error of the diffraction spots is properly taken into account. This excitation error occurs because, in contrast with xray single-crystal diffraction in which each diffracted beam is measured at its maximum (reflections are in exact Bragg condition), most diffracted beams in electron diffraction are not in exact Bragg condition. In the calculation of the kinematic R values, a 1% occupancy of all atom sites and the thicknesses obtained for the dynamic refinement were used. 23. It would be better to do a complete refinement with the addition of an Al matrix in front and after the precipitate and to refine the thicknesses of these two layers as well. This, however, is not yet possible with the MSLS package. 24. For the simulated exit wave, the following parameters were used: defocus spread, 10 nm, which is used to impose an information limit of about 0.14 nm; specimen thickness, 10 nm; convergence angle, 0. The sophisticated use of self-organizing materials, which include liquid crystals, block copolymers, hydrogen-and -bonded complexes, and many natural polymers, may hold the key to developing new structures and devices in many advanced technology industries. Synthetic materials are usually designed with only one structure-forming process in mind. However, combination of both complementary and antagonistic interactions in macromolecular systems can create order in materials over many length scales.
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Here polymer materials that make use of competing molecular interactions are summarized, and the prospects for the further development of such materials through both synthetic and processing pathways are highlighted.
Structural order over many length scales can be created in self-organizing materials by the presence of several molecular interactions including (i) hydrophobic and hydrophilic effects, (ii) hydrogen bonding, (iii) coulombic interactions, and (iv) van der Waals forces (1). 
Theoretical Basis of Self-Organization
The basic principles of the spontaneous organization of melts and solutions of simple synthetic polymers are well understood from both theory and experimental studies (3). Self-organization occurs from nanoscopic to macroscopic length scales and includes, for example, phase separation, microphase separation (4), mesophase formation (5), adsorption, and crystallization. Just as for the peptide chains, a full understanding of the formation of ordered polymer structures requires a knowledge of the free energy landscape associated with different possible configurations of polymer molecules. The calculation and measurement of energy (E) and entropy (S) at the molecular level are nontrivial tasks; therefore, it is necessary to develop certain guidelines so as to successfully fabricate structures at different length scales.
Polymer molecules, because of the way their building blocks are covalently tethered together, can change from one configuration to another only in certain ways. This results in separate and distinct paths in the free energy landscape connecting the various configurations of a given polymer. The values of the free energy barriers existing between these configurations are dictated by the details of competing interactions among various building blocks and the entropy associated with particular ways of assembling topologically connected objects such as polymers. Although the above argument is for assembling one polymer molecule, subtle differences in free energy (F) and definite kinetic pathways between different structures also emerge during the selforganization of materials consisting of many polymer molecules. In the latter case, the scales of length and time are much larger.
There are basically three guiding principles that offer strategies to explore different length scales in self-organizing structures (biological or synthetic).
The first principle is of competing interactions and sequences. As a hypothetical example, consider an assembly of a multidomain polymer (MDP) with four domains strung together linearly. Such materials exist in the biological world, for instance, viral protein coats, enzymes, and other large macromolecular assemblies, but they are as yet unknown in the synthetic world. Each domain has the desired chemical functionality in terms of, for example, the number of hydrogen-bonding groups. The potential nature of each domain can be represented by strength q and a sign (ϩ or -). One domain q 1 ϩ and another q 2 -are complementary to each other and, if adjacent, will stabilize the structure by an energy q 1 q 2 . Domains of the same sign destabilize the structure by an energy q 1 q 2 when they are neighbors. Now consider only two sequences, a and b, shown in Fig. 1A , connecting four domains with potentials qϩ, 1-, 1ϩ, and q-. Sequences a and b are among six possible sequences where the domains occupy the corners of a regular square (Fig. 1 ). Note that in the "blocky" sequence a, the domains with the same sign are separated by the side of the square while for sequence b, 2 and (q ϩ 1) 2 , respectively, accounting for only the nearest neighbor interaction.
Sequence b always leads to more stable structures for any value of q with similarly signed domains diagonally oriented (ignoring the entropy of a flexible spacer group denoted by the wiggly lines) (Fig.  1B) . But if we want to create a structure with blocky (edge) orientation using sequence a that is more stable than the structure of ϩ -ϩ -(that is, sequence b with q ϭ 1), then Fig. 1B requires that we increase the interaction strength of the end domains to a value of q greater than q c ϭ 3 (where q c is the strength at the critical value). Thus, we can stabilize unfavorable structures by careful promotion of competing interactions among domains of a MDP with underlying desired sequences. This example also emphasizes the importance of sequence in stringing domains together. An example of a hypothetical complex MDP is sketched in Fig. 1C , where various functional building blocks (domains) are connected through covalent bonding with the use of flexible spacer segments. In this case, the domains replace monomers as building units in polymer synthesis.
Typically, biological polymers such as proteins do not have long blocky sequences but synthetic polymers do, and this provides an opportunity to manipulate organization if the assembly processes are well understood. An example that combines features of both the synthetic and biological world is the work of Tirrell and co-workers, who have created precisely tailored proteins with blocky structures (6) . In these materials, blockiness was exploited to produce folded crystals with fluorinated groups on the crystal surface.
The second principle is of entropic frustration and topological dereliction. The entropy associated with different ways of cooperatively arranging various domains leads to a rugged and hilly free energy landscape, so this needs to be modified to guide the evolution of the emerging structure to obtain the desired overall pattern. In particular, the often blocky nature of synthetic polymers leads to strong influences by these factors. The devastating role played by the multiple pathways arising from the entropy of polymers and guidelines for the avoidance or use of this occurrence are illustrated by the following exactly solvable model (7) . For specificity, consider the self-association of four domains sequentially connected by spacer links, each with m -1 segments. There are four distinct ways any two of these domains can pair ( Fig. 2A , configurations a to d); let -ε be the energy when two domains pair by approaching each other within a certain distance, and let the entropy associated with this pairing be -ms/MT. M is the total number of segments between these two domains and -s/T is the entropy associated with making a loop of length m (where s is the temperature-dependent entropic contribution and T is temperature). The free energies of the topological states are -ε ϩ s, -ε ϩ s/2, -ε ϩ s/3, and -ε ϩ s for the four configurations, respectively.
Although the most stable state with only one pair is that of configuration c in Fig. 2 , its further evolution is to a two-pair state (Fig. 2, configuration g ) with higher free energy (F ϭ -2ε ϩ 9s) and not to the lowest free energy state (Fig. 2 , configuration e, with F ϭ -2ε ϩ 6s). The configurations e and g in Fig. 2 cannot be directly interconverted. The only way the state of g can be relaxed to that of e is if the trajectory is retraced backward to its original state and another attempt is made to avoid the intermediate metastable state. This effect is generic and seriously magnified when many more pairings need to be made instead of just two.
The above argument illustrates the inevitability in polymers of "topological dereliction" due to the local minimization of F. There are three ways to help proceed to the desired structure. First is to considerably reduce the number of possible topological states for a given number of pairings between domains by making the sequence tighter through reduction of the spacer length. This effect drastically reduces the number of different pathways. Second is to tune the value of the pairing energy ε to small values (by using weaker interactions) so that the energy pathway is smooth. Third is to provide an external field to the evolving system at opportune times to guide the system to reach the desired final (not necessarily equilibrium) structures at the expense of more complex processing conditions. The nature of the external field depends on the system; examples are chaperons for biological molecules, patterned surfaces for artificial catalysis and sensors, chemical potential gradients through solvent evaporation for self-assembly of block copolymers, magnetic or electric fields or both for annihilation of defects in liquid crystalline (LC) systems, and flow fields for orientational control in block copolymers.
The third guiding principle is the spontaneous selection of primary length scales. Many polymeric liquids self-assemble spontaneously into ordered structures with welldefined symmetry and dominant characteristic lengths. The mechanism of selection of a primary length scale is generic, but consider the case of diblock copolymers as a specific example (two sequences of distinct monomers X and Y covalently linked together, . . .XXXX-YYY. . .). After primary length scales are selected in the system, the density of any component is nonuniform in space. Defining the local density of one of the components, say X, with respect to that in the homogeneous, disordered state as the order parameter (r) (where r is the spatial location), there are well-established statistical mechanical procedures to derive F of the system in terms of (r), after coarsegraining local details of the system (8):
where (r) is decomposed into the Fourier modes (k being the reciprocal wave vector), and ⌫(k) is of the form
where A, B, and C relate, respectively, to chemical mismatch, interfacial tension between X and Y, and long-range correlations, and can be determined from scattering measurements as a function of temperature. The value of k (say k*) that minimizes F determines the inverse of the primary length scale for a given system. It follows from Eq. 2 that
Thus, we can tune the scale of spontaneously selected primary characteristic length by changing the interfacial tension (B) and the nature of long-range correla- tion (C and the exponent ␣). The importance of the above argument is that if ⌫ (k) of a system can be of the form given in Eq. 2, then that system self-organizes with spontaneous selection of a length scale comparable to 1/k*, independent of the molecular origins of the various terms.
Methods of Self-Organization in Synthetic Materials
Strategic design for materials with multiple length scales. In designing such materials it is essential to identify a pathway for obtaining a well-defined final structural state with order on multiple length scales starting from an initial homogeneous mixture of components. Expressed in terms of free energy, the evolution of the structure requires an overall reduction in the system entropy with a concomitant strengthening of intraand intermolecular interactions. The design strategy for the formation of complex ordered structures is to organize from the largest length scale to the smallest, inducing a global pattern, followed by the sequential development of finer details (9). If we wish to take advantage of anisotropic structures that can display a greater range of physical and chemical properties and functions than a homogeneous, isotropic material, then we must understand and control symmetry from the global to the local level. Thus, the selection of a particular growth direction with an applied bias field (such as flow, electric, or magnetic fields or the substrate surface) can produce highly textured or even "single-crystal" hierarchical structures. Then, within the material, a series of competitions determines the spontaneous selection of a set of primary length scales, topological relations, and structural symmetries.
Often the competitions needed to induce a specific structure are phase transitions such as helix-coil or crystallization, and the primary length scale for a particular competition is determined from the minimization of the relevant F. An example of a biological material where such effects are believed to occur is spider silk. Large, soluble protein units are coulombically assembled from an isotropic solution immediately before spinning to induce an oriented lyotropic solution. The LC silk solution passes through a long narrow duct, which applies flow orientation, and the assembled units organize to form both crystalline and amorphous regions and yield a water-insoluble, high-modulus fiber of extraordinary toughness (10) .
In each subsequent free energy competition, the prior structures impose certain boundary constraints to maintain overall respect for the initial global symmetry. If the prior structures impose certain boundary constraints and the developing symmetry is different from the parent symmetry, defects must occur. Moreover, if the prior symmetry is strongly enforced on the new finer level of structure, such defects may be periodic. As a system organizes at ever smaller dimensions, the pattern selection is increasingly determined by the need for commensuration of the emergent length scales with existing ones and compatibility of structure across interfaces (for example, anchoring conditions). Therefore, control of very large length-scale molecular structure (of the order of the wavelength of light) in both biological and synthetic macromolecules requires avoiding the independent (and therefore uncorrelated) nucleation and growth of the ordering regions because their subsequent mutual impingement gives rise to a myriad of defects with spacings typically on the order of a micrometer (such as grain boundaries, dislocation, and disclination line defects). Such defects in the system may only slowly annihilate to reach a final thermodynamic equilibrium. The kinetics of this process is equivalent to the situation of topological frustration, except that scales of length and time are much larger.
Although the foregoing scenario is general and admits to an infinite set of possible components and an unlimited range of process variables, specific synthetic lines of approach toward the goal of sophisticated self-organized materials are appearing, as will be described below. The large synthetic units for a molecular structure (as in the case of spider silk) may be preassembled units of high molar mass with targeted intramolecular shapes and interaction sites for preferred packing. Placement of specific chemical groups for chirality, intermolecular docking, and so forth is done during synthesis with the intention of influencing tertiary and higher ordered structures. Successful synthetic designs will need to pay more attention to specific process pathways for structural organization and thus better integrate the synthesis and processing.
Use of molecular interactions. Synergistic interactions are a key element in attaining a desired overall structure and can be simultaneous (whereby several interactions bias toward the same structure) or sequential (whereby the first interaction in play sets up constraints at one length scale favorable to the subsequent interactions that develop order at other length scales). Currently, chemical synthesis does not design for materials that best bring about a series of structural transition steps leading to the final desired ordered material. Rather, a number of synthetic self-organizing materials have been created that depend essentially on a single molecular interaction. The importance of these materials is significant because they provide the basis for future materials that will require multiple organizing processes. A brief summary of such synthetic materials is given below in the context of the types of molecular interactions mentioned previously, followed by examples of materials in which several organizing processes have been combined in a single material.
A hydrogen bond is a highly directional, intermediate-strength, reversible interaction. As an example of how to construct interesting materials using a single type of interaction, Lehn and co-workers have introduced into oligomeric units base-pair structures that imitate nucleic acids. By preparing matched base-pair segments, his group produced molecular ropes that intertwine to form strands of complexed units that mimic some of the natural fiber-forming polymers but are held together entirely by hydrogen bonds (11) . Similar base-pair chemical groups have been introduced by Stadler et al. (12) into elastomers to form thermally reversible networks by taking advantage of the modest thermal stability of these weak noncovalent bonds.
Fréchet, Kato, and co-workers (13) and others (14) have used single hydrogen bonds, which lack the specificity of the matched base-pair approach, to successfully attach LC groups to hydrogen-bonding polymer backbones. These structures are thermally stable at the required processing temperatures and enable a "molecular Lego" approach to macromolecular design, because one particular backbone can be easily modified with a variety of hydrogenbonding groups. In other cases, simple surfactants have been hydrogen-bonded to polymer backbones to create ordered mesomorphic materials (15) and in some cases render otherwise insoluble, conjugated polymers both electrically conductive and processable in a self-ordered form (16) .
Along with hydrogen-bonding, -stacking interactions between aromatic rings have been used by Stoddard and co-workers (17) to construct catenanes, large interlinked molecular ring structures with oligomeric properties. Such materials display unusual optical properties and suggest ways in which self-ordering before chemical assembly may be carried out in larger systems. An example of this is the preparation of rotaxanes, macromolecules in which a polymer backbone is threaded through several macrocycles and locked in place by capping the chain ends (18) . Practical applications in biochemistry are developing as the synthetic protocols are being created.
Another strategy involves the formation of complexes between polyelectrolyte mol-ecules and oppositely charged surfactant micelles. Typically, many surfactant micelles adsorb on a single polyelectrolyte chain. The stability and size of such complexes can be adjusted by the ionic strength of the solution and charge density of the micelle. Complexes between polycations and proteins of net positive charge can be produced by using negatively charged patches on the protein surface. Other research has focused on building solid-state materials by combining polyelectrolytes and surfactants (19) . In this circumstance, the shape contour of the surfactant molecule (for example, a single or double aliphatic chain) is extremely important in the condensed phase and will establish the type of mesomorphic order retained in the complex.
The question of molecular shape is of primary importance for the design of liquid crystals and LC polymers. Recent work by Percec has shown that wedge-shaped molecular units, when polymerized, can stack in the form of regular arrays of cylinders, as shown by both x-ray diffraction and transmission electron microscopy (20) . On the nanometer scale, these latter materials combine LC behavior with a molecular-level mesoscopic recognition and provide hints for building MDPs, which can combine to form larger scale self-organizing elements.
Spontaneous selection of length scales. Although local, directed interactions are useful in forming complex polymer structures, larger structures can form through nondirectional weak interactions (such as van der Waals interactions, leading to macrophase and microphase separation). When an initially homogeneous two-component polymer blend undergoes phase separation, composition fluctuations with characteristic lengths above a certain critical value [dictated by quench depth (undercooling below the equilibrium transition temperature) and interfacial tension] grow in size and decrease in number with time. Eventually the system ripens, with the longest wavelengths of macroscopic dimensions dominating, and two phases coexist. For polymeric systems this phase separation process can be nonuniversal. For example, when blends with sufficiently off-critical composition are quenched to a temperature well below the coexistence curve, phase separation often does not proceed to completion. Instead, domains with a relatively narrow distribution of sizes form because the transport of polymer chains across the interfaces differs for the two polymers. The sizes of the domains in such strictly nonequilibrium but extremely long-lived structures can be adjusted by modification of the quench depth and the degree to which the mixture's composition is off-criticality (sufficiently far away from a critical value on a phase diagram) (21) . The metastable structures can be permanently pinned by further chemical reaction among the components, triggered, for example, by cross-linking with ultraviolet radiation.
In block copolymers with well-controlled architectures, microphase separation produces equilibrium periodic structures that can be selected by chemical design (22) . The selection of a primary length scale in coil-coil diblock copolymers was discussed above. By adjusting the degree of chemical incompatibility between the two blocks, the degree of polymerization N of the polymer, and the composition (f being the fraction of X monomers in each diblock copolymer chain), length scales associated with self-assembled structures are typically in the 10-to 100-nm range. The symmetry of the equilibrium morphology and the degree of segregation depend on , N, and f. For A-B diblocks in the strongsegregation regime, as the volume fraction of A increases, the periodic structures are alternating lamellae of A and B, hexagonally packed cylinders of B in a matrix of A, and BCC-packed spheres in a matrix of A. Inverse morphologies occur as the volume fraction of the B block increases. At lower degrees of segregation, in a narrow composition window between the hexagonal and lamellar phases, bicontinuous morphologies have been reported-double-gyroid, hexagonally perforated layers, and hexagonally modulated layers-some of which are only metastable. These periodic structures are quite similar to, but occur at larger size scales than, the many phases found in binary and ternary blends of natural and synthetic surfactants and oil and water (23) .
Balancing Organizing Forces
If one or more of the components of a diblock copolymer itself has an inherent capacity to order in some way, then we can A B Fig. 3 . Examples of the occurrence of novel smectic phases in rod-coil diblocks due to the evolution of selfassembly through three successive phase transitions, resulting in global ordering over the 1-nm to 200-nm to 1-m scale. (A) Alternating PHIC and PS layers arranged in a zigzag fashion. The PS domains appear dark because of preferential staining by RuO 4 . Because the rod block is much longer than the coil block, the rods tilt with respect to the layer normal and interdigitate forming a S C structure [from (27 ) ]. n ϭ PHIC chain axis direction, p ϭ lamellar normal, and a ϭ angle between n and p . (B) Another novel morphology called the "arrowhead" phase corresponding to a S O structure occurs when the volume fraction of the rod component is very high (98%) [from (27 ) ]. Alternate domain boundaries comprise discrete PS regions that point in opposite directions. (C and  D) The nature of the phase-separated microstructure is important in determining the arrangement of the LC groups pendent to the polymer chain in side group block copolymers. Here, the preferred parallel alignment of the mesogens with respect to the interface can be seen in (C), a lamellar phase, and (D), a LC cylinder phase [adapted from (28)].
ARTICLES
www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 277 ⅐ 29 AUGUST 1997 couple such ordering with the formation of finer scale structures by using more than one phase transition. Spontaneously organizing systems can be tailored by balancing such organizing forces as chemical incompatibility with others such as conformational entropy and liquid crystallinity. The resulting materials produce simultaneous organization on many length scales ranging from a few nanometers in the LC phase to hundreds of nanometers in the phase-separated structures and even organization over micrometers in length in the surface-segregated materials. As early as 1977, Gallot and associates synthesized and studied lyotropic rod-coil block copolymers produced from polystyrene and a helical polypeptide block (24) . Adams and Gronski produced LC block-coil block polymers by chemically modifying the diene block of a styrenediene diblock copolymer so that cholesterol could be attached as a mesogenic side group (25) . The LC phase was affected by confinement in the small, periodically spaced phase-separated domains of the polymer. Stupp and co-workers have synthesized a triblock copolymer of styrene-isoprene and a rodlike oligomer that aggregates to form unusual mushroom-shaped entities (26) . In these materials, spontaneous noncentrosymmetric (polar) organization was reported and was presumably due to the nature of the supramolecular units of the copolymer preformed in the solution. Both microphase separation of the two coil blocks and the crystallization of the rod component play important roles in the selection of the unusual shape of the aggregate. This leads to the asymmetrical packing of the units, which form micrometersized plate-like objects exhibiting upper and lower surfaces that have hydrophobic and hydrophilic character, respectively.
Depending on the relative energetics, self-assembly can be driven through the LC transition or through the microphase transition. For example, rodlike homopolymers, because of their intrinsic chain stiffness, spontaneously form anisotropic LC phases in solution. The phase behavior of rodlike polymers can be controlled by either temperature or solvent concentration. The structures in rod-coil copolymers reflect the progression of a series of phase transitions from the dilute isotropic solution to the more concentrated nematic state, to the smectic microphase-separated state, to the final crystalline structure of the rod regions.
Some examples of novel rod-coil diblock structures that can be formed are illustrated by recent work on poly(hexylisocyanate-bstyrene) (PHIC-b-S) rod-coil block copolymers (27) . Representative micrographs of two solid-state morphologies formed by rodcoils, one a smectic C (S C ) type and the other a smectic O (S O ) type structure, are shown in Fig. 3 . In the PHIC-polystyrene (PS) system, as the solvent is evaporated, three phase transitions ensue: isotropic to nematic, nematic to smectic, and smectic to crystalline. By means of shearing the solution on a glass substrate when the system is in the nematic state, a globally oriented material can be formed. Because of the rather high molar mass of the PHIC rod com- Fig. 4. (A) Schematic of the solid-state structure of a semifluorinated lamellar block copolymer. The interplay of phase separation and liquid crystallinity leads to alignment of the fluorinated mesogenic groups (indicated by green elongated rods), which are packed in smectic layers and lie parallel to the plane of the lamellae. The black segments in the blue background represent the coil block lamellae. At the upper surface region, the mesogenic groups are instead directed normal to the air, leading to remarkably stable, low-energy surfaces. The importance of surface and interface interactions is highlighted in these materials. (B) XPS results of intensity versus energy at two take-off angles with appropriate signal analysis show that the surface region of the block copolymers is almost exclusively the fluorinated block. Open circles, profiling depth ϭ 4.5 nm at a take-off angle of 35°; filled circles, profiling depth ϭ 8.1 nm at a take-off angle of 90°. (C) Schematic of the chemical structure of the semifluorinated block copolymer showing the structure of the semifluorinated side groups studied. (D) Small-angle and wide-angle x-ray diffraction measurements demonstrating that the smectic semifluorinated groups align parallel to the lamellar layers in the bulk. The meridional 00l reflections for the lamellar spacings can be readily observed as can the equatorial reflections for the smectic layer spacings for the semifluorinated groups. This sample spontaneously adopted this arrangement during the solvent casting process. The LC solvent mixes with the LC block and the flexible block blends with the matrix polymer to form the droplet interface. Such a structure can easily be used to create a polymerdispersed LC display from several of the materials already described in this paper.
SCIENCE ⅐ VOL. 277 ⅐ 29 AUGUST 1997 ⅐ www.sciencemag.org ponent, the smectic repeat is ϳ200 nm. Because of the long-range packing of the layers, correlation lengths easily reach the 10-m scale. Electron diffraction confirms the helical packing of the PHIC block into a monoclinic unit cell with a c axis repeat of 1.56 nm. Interestingly, the very different packing requirements of the rod block compared with that of the coil block force rodrod interdigitation as well as large rod tilt at the rod-coil interfaces in the S C structure. On the other hand, self-assembly of LCcoil block copolymers can be initiated by microphase separation, followed by the development of LC and crystalline ordering of more and more blocks. Mao et al. synthesized and examined diblock copolymers in which mesomorphic azobenzene groups were attached as side groups to an LC block formed from an isoprene backbone (28) . In the lamellar block copolymers of this series, the axes of the mesogenic groups and the lamellar interfaces were parallel. Hexagonal cylinder morphologies made up of an LC block could also be produced (Fig. 3D) .
There are distinctive molecular-scale features for the side chain and main chain LC block copolymer systems that lead to mesoscopic scale differences in their morphology. Typically, the mesogenic groups align parallel to the interface boundaries in side-group materials, but they align at a large angle to the interface in main-chain systems. This means that processing designed to manipulate the organization of the microstructure will also affect the global organization of the mesophase. By simple oscillatory shear, one may align the mesogenic groups in either the LC layers of a lamellar LC-coil block copolymer or the LC cylinders (or LC matrix depending on composition) in a cylinder block copolymer.
The ability to use the processing of the block copolymer microstructure as a means of manipulating the LC orientation is demonstrated by the example of LC-coil block copolymers in which chiral S C (S C *) side groups are attached to the LC block (29) . In such diblock copolymers, the helical S C * phase was oriented in a "bookshelf " arrangement that was produced by confining it to submicrometer domains oriented by simple shear alignment. In recent work (30) , it was shown that no external alignment layers were needed, and the polymer film could be much thicker than conventional ferroelectric displays because it was processing of the block copolymer itself that was responsible for the LC orientation, not alignment by external surfaces. Moreover, the switchable films contained more mesomorphic material than comparable low molar mass films and led to large optical effects to create to the best of our knowledge the first successful example of bistable switching in a block copolymer film.
In the study of materials for the creation of low-energy surfaces, Wang et al. created a family of block copolymers into which semifluorinated groups were incorporated (31) . Recent results demonstrate the possibilities to tailor such systems by balancing surface energy as well as LC behavior with microphase separation. These polymers typically have S A or S B phases, both of which orient on the basis of the arrangement of the internal interface of the lamellar or cylinder microstructure. In the semifluorinated LC blocks, remarkable degrees of spontaneous organization have been observed in lamellar systems. In these polymers, simply drying films from solution led to orientation of lamellae parallel to the substrate surface and within those layers; the fluorinated segments also lay parallel to the substrate. Contact angle measurements and Zisman analysis indicate that the surface is entirely populated by CF 3 groups rather than the CF 2 groups that might be assumed from the bulk organization of the film (Fig. 4) . Recent near-edge x-ray absorption fine structure (NEXAFS) and x-ray photoelectron spectroscopy (XPS) results show that in the surface region, the semifluorinated groups project normal to the internal lamellar structure, which itself lies parallel to the surface. These latter results highlight the subtle effects that external surfaces and interfaces can have in such materials.
Challenges
The emerging challenges yet to be resolved may be expressed in two broad categories: extending hierarchically ordered structures to much larger length scales and sophisticated processing to form hierarchical structures with controlled ordering at different length scales. For the first category, we envision that, by topologically interconnecting self-assembled molecular architectures, new regimes of well-defined order at or above the technologically important wavelength-of-light scale may be attained in synthetic polymers. Such a premise immediately presents the following issues. (i) The size, shape, and decoration of the surface of a given domain with different kinds of chemical groups, as well as the surface area of each type of patch of such groups, are the various control parameters for each of the domains. The choice of the set of domains in the synthesis of MDP depends on the eventual utility of such structures and our level of understanding of self-assembly at mesoscopic length scales. (ii) Depending on the particular connectivity and the nature of the connectors, MDP polymers can be made, for example, as a linear array with flexible spacer groups, as a branched array, or even as two-dimensional sheetlike architectures. It is important to recognize that the specific interaction can lead to many topological states having only small differences in free energy, yet which present drastically different trajectories through the free energy landscape and can often easily frustrate the formation of the desired (not necessarily equilibrium) MDP structure.
For the second category of challenges, we envision that by integrating synthetic design with the design of specific processing pathways, the likelihood of attaining a targeted structure will be optimized. An example with an MDP structure is shown in Fig.  5 , where a mixture of a LC block copolymer, flexible polymer matrix, and smallmolecule LC solvent are the components. The issues that follow from such a scenario are the following: (i) Because multicomponent materials are involved, several physical phenomena such as phase separation, microphase separation, liquid crystallinity, crystallization, adsorption, vitrification, and various conformational transitions get coupled either synergistically or antagonistically during the self-assembly process. (ii) During the spontaneous formation of hierarchical structures, the local symmetry of an organizing domain may not be correlated with that in another domain. As a consequence, there are most likely defects in the structures. The free energy landscape of defects can be quite complicated, and extremely long times may be required for their annihilation. External fields, chemical potential gradients through solvent evaporation, temperature, and patterned substrates are ways to help guide the system toward the desired structures. Combined and pulsed external fields may also act synergistically instead of being simply additive.
The study of such materials and processes is already under way. Examples not cited above of the many attempts to provide structure by means of coupled interactions include the use of electric fields to process block copolymers and the creation of ordered gels and networks. Many new results are likely to occur in the next few years and will certainly lead to the ability to systematically tailor polymer structure and function to a much greater extent than is now possible. All of these challenges are interrelated, and advances need to be made in each of the areas outlined above.
